Homologous recombination (HR) maintains genome stability by promoting high fidelity DNA repair. Several recent reports have established that the primary function of HR enzymes is to underpin DNA replication, resetting forks that are blocked or collapsed at sites of DNA damage remote from replication origins. These functions are crucial to ensuring that genomes are transmitted successfully into subsequent generations of cells. Enzymes of HR have been unearthed in all three domains of life: bacteria, Archaea and eukarya. Helicases that specifically unwind branched DNA molecules are pivotal in linking HR and DNA replication in bacteria. However, knowledge of helicases with these functions in eukaryotes is vague and is wholly absent in Archaea. We are using the archaeal species Methanothermobacter thermautotrophicus to identify new DNA helicases of homologous recombination.
Textbooks appraise HR by asserting its importance in generating genetic diversity and in DNA double-strand break repair. However, it is becoming clear that the primary function of HR enzymes is concerted repair and resetting of DNA replication forks that have stalled or collapsed at sites of DNA damage [1] [2] [3] . Damage to DNA templates is diverse, chronic and unavoidable, arising from endogenous cellular metabolism and environmental factors [4] [5] [6] . Many forms of DNA damage, stalled protein complexes and DNA secondary structure block replication forks. In Escherichia coli, blockage is frequent, with 20% of replicating cells in synchronous culture failing to complete replication due to template damage [7] . In eukaryotes, stalled replication forks are stabilized to prevent collapse, and their processing to facilitate repair has been visualized [8] [9] [10] . Cell division is completed only after DNA replication has resumed and the entire genome has been copied.
HR is characterized by the formation of branched DNA molecules called Holliday junctions (Figure 1 ) [11, 12] . The RecA family of enzymes catalyse strand-exchange reactions that form Holliday junctions from duplex DNA ( Figure 1A ) [13] . The existence of RecA family enzymes in all three domains of life, and their high sequence conservation between species, testify to the importance of strand-exchange reactions throughout evolution. Formation of Holliday junctions by RecA is historically pre-eminent, founding models of genetic recombination and double-strand break repair in bacteria and yeast [14] [15] [16] . However, recent work has shown that Holliday junctions are also formed fromstalled replication forks ( Figure 1B) . In bacteria, fork-reversal is catalysed by Holliday junction helicases RecG and RuvAB, whose actions facilitate DNA repair and renew DNA replication by several possible routes reviewed in [2] . In this way, RecG and RuvAB helicases crucially underpin DNA replication. The biochemistry of these enzymes is understood in detail, helped greatly by information contained in their crystal structures [17] [18] [19] [20] . RecG and RuvAB are highly specific for branched DNA, unwinding forks to Holliday junctions and unwinding Holliday junctions to duplex DNA. However, outside of bacteria, the trail goes cold, as there are no known homologues of RecG or RuvAB in either eukaryotes or Archaea. E. coli RecQ helicases unwind Holliday junctions, and have also been implicated in processing stalled replication forks [21] . RecQ-like helicases exist in eukaryotes where defects in these enzymes result in the human genomic syndromes Bloom's, Werner's and Rothmund-Thomson syndromes [22, 23] . Once again, there are no known RecQ homologues in Archaea. We are using the archaeal species Methanothermobacter thermautotrophicus to unearth new helicases of HR.
DNA damage and helicases of HR in Archaea
Over the last 10 years, the Archaea has been established as the third domain of life, distinct from bacteria and eukaryotes [24] . The Archaea are enticing subjects for investigating HR helicases. Many archaeal species are extreme thermophiles or halophiles, thriving in conditions that are especially challenging to genome stability. For example, accumulation of chemical damage to DNA strands is accelerated by increasing ambient temperature [25] . It is largely unknown how archaeal species overcome conditions that increase the potential for DNA damage. Archaea do not appear to use specialized DNA-packaging mechanisms to protect against DNA damage, at least when exposed to γ -radiation [26] . There is evidence that RadA, the archaeal RecA protein, is induced by DNA damage in thermophilic and mesophilic Archaea [27] .
Currently known enzymes of HR, DNA replication and transcription in Archaea are closely related in sequence to their eukaryotic counterparts. This has been a major benefit leading to rapid identification of these particular enzymes in Archaea. Archaeal DNA-processing proteins are also attractive for biochemical study as they assemble into active units of reduced complexity compared with their eukaryotic counterparts, for example see [28] . It may transpire that newly identified components of DNA processing in Archaea flag the existence of currently unknown enzymes in eukaryotes, as with Spo11 [29] . In the absence of any archaeal homologues of known HR helicases, we initially investigated whether analogous activities could be detected in Archaea. Highly fractionated Methanothermobacter cell biomass contains at least two distinct Holliday junction and fork-unwinding activities, consistent with helicases of HR (Figure 2 ; E.L. Bolt, unpublished work). These activities are separable by gel filtration, are ATP-dependent and require different ATP/Mg 2+ ratios for optimal activity. We aim to identify the helicase(s) in these fractions by MS, using information in the fully sequenced genome of Methanothermobacter.
Analysis of the Methanothermobacter genome sequence [30] identified 12 putative helicases of unknown function that we considered were good candidates in searching for HR helicases. Attempts to clone and overexpress each of these in E. coli met with variable success. Two predicted genes resisted all attempts at cloning as full-length open reading frames. One of these, open reading frame mth1415, was proposed to be a homologue of human XPF-nuclease/helicase nuclease protein [31] . Truncated versions of this protein from Pyrococcus furiosus have been found to have endonuclease activities [32] . We were able to over-express several other putative helicases from Methanothermobacter as soluble proteins in E. coli. Each was purified to near or full homogeneity and were mixed in assays with artificial radiolabelled Holliday junction and fork DNA substrates at temperatures ranging from 37 to 60
• C. Three proteins could bind to and/or unwind these substrates (E.L. Bolt, unpublished work). ATPdependent unwinding of Holliday junction DNA by one of these proteins, a helicase of about 100 kDa, is shown in Figure 3 .
Future perspectives: biochemistry and genetics of archaeal HR helicases
We have isolated proteins that specifically unwind forks and Holliday junctions that are now subjects of on-going investigation biochemically, using heterologous genetics in E. coli and by gene knockouts. The precise activities of these helicases are being unravelled using many DNA substrates, and they are being used to probe for interplay with proteins of HR and DNA replication. Homologues are being targeted for gene knockouts in the archaeon Haloferax volcanii, using systems developed by Allers [33] . Phenotypes arising from this genetic approach may provide crucial information on the cellular functions of these helicases and unearth epistasis groups. These gene knockouts in Archaea are underway in conjunction with heterologous genetics in E. coli, using various recQ, recG and ruvAB mutant strains. Such strains are hypersensitive to DNA-damaging agents and can be used to screen archaeal gene libraries and constructs of individual genes for enhanced survival in the presence of damaging agents. This approach has yielded encouraging results (C.P. Guy, unpublished work) [34] .
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